E ndovascular thrombectomy (ET) has evolved as the standard of care for patients suffering from acute ischemic stroke due to large vessel occlusions in the anterior circulation. [1] [2] [3] [4] [5] Timely 6 and complete reperfusion 7, 8 is considered a key factor associated with salvaging the tissue at risk and good clinical outcomes. However, because of their different vascular architecture, not all regions supplied by the middle cerebral artery (MCA) are equally salvageable by ET. [9] [10] [11] Thrombi occluding the orifices of the lenticulostriate arteries have been shown to almost inevitably lead to striatocapsular infarction despite successful recanalization, 11 likely because they lack a collateral blood flow. 12 This is of clinical relevance, as more proximal M1 occlusions are associated with worse clinical outcome. 13 Moreover, striatocapsular infarcts are often larger than might have been expected from the exact location of the thrombus (eg, involving the whole striatocapsular region despite the fact that the occlusion is confined to the lateral perforator group or even spares all perforators). 11, 14, 15 Three hypotheses have to be taken into account. First, secondary tissue damage that has arisen from either inflammatory tissue damage 16, 17 or delayed extrafocal degeneration 18, 19 may be the causal factor explaining these discrepancies. Second, occlusion of the perforator orifices during the course of thrombectomy has to be considered. Third and most likely, the "excess" infarction is related to thrombus migration (TM), ie, caused by a migrating thrombus that had blocked more proximal lenticulostriate arteries only temporarily but for a sufficiently long time to induce irreversible infarction in the dependent striatocapsular subterritories already prior to ET. So far, TM has been described in a small cohort study in which reactive hyperemia in the MCA territory has been interpreted as a sign of TM 15 or in studies in which sequential transcranial Doppler was performed in patients suffering from intracranial large vessel occlusions. 20, 21 Further, TM has been witnessed and reported anecdotally in the form of case reports during diagnostic or therapeutic angiography or sequential CTAs. [22] [23] [24] [25] However, neither its incidence nor its dependency on the administration of intravenous (IV) recombinant tissue plasminogen activator (rtPA) or its relevance for ET has been studied systematically. This study aims to clarify whether a discrepancy between thrombus location and infarct size in the striatocapsular region supplied by the MCA perforators is possibly due to TM prior to ET. Further, we hypothesized that the occurrence of TM is a sign of thrombus instability and consequently has impact on the technical success of subsequent ET.
Methods

Study Population
A retrospective analysis of a prospective database including all consecutive patients subjected to digital subtraction angiography (DSA) with the intention to treat an isolated MCA occlusion between January 2007 and June 2016 (n=409) was carried out. We excluded patients with imaging inadequate to assess infarct extent (n=72) and patients with any other clinical condition that might interfere with clinical assessment of infarct severity (n=12, see study flowchart in Figure 1 ). The final study population consisted of 325 patients (297 M1 occlusions, 28 M2 occlusions). Baseline characteristics and risk factors were evaluated by reviewing patients' clinical records. All procedures were in accord with the 1964 declaration of Helsinki and its later amendments and approved by the local ethics committee. Written informed consent of individual patients for this anonymized retrospective study was waived according to institutional guidelines.
Endovascular Treatment
Concordant with our institutional standard operating procedures, all stroke patients with CTA-proven large vessel occlusion in the anterior circulation were eligible for ET if the groin puncture could be performed within 6 hours after symptom onset and if the infarct on preinterventional noncontrast computed tomography (CT) did not exceed one-third of the MCA territory. Our center did not apply an age limit. Preinterventional IV rtPA was administered as a "bridging approach" if there were no contraindications (n=210; 64.6%). Procedures were performed under general anesthesia or conscious sedation. See Data S1 and S2 for device choice throughout the study period and device impact on rates of successful recanalizations. In total, 7 cases with spontaneous or IV rtPA-related partial or complete recanalizations as revealed by first intracranial DSA runs were observed throughout the study period. In these cases only diagnostic angiography was performed. Those cases were included in the analysis regarding factors associated with thrombus migration but were excluded for the analysis with regard to impact on technical success of thrombectomy because no maneuvers were performed.
Image Analysis
Technical Success of Thrombectomy
Thrombolysis in Cerebral Infarction (TICI)-graded recanalization success of ET was assessed by 2 neuroradiologists independently, with TICI-2b defined as reperfusion of more than 66% of the initially involved territory, according to the original TICI scale. 26 In cases of discrepancies a consensus read was performed (see Kleine et al 8 for interrater agreement). Successful recanalization was defined as ≥TICI-2b. First-pass recanalization was defined if ET was terminated after 1 maneuver (1 aspiration or 1 stent-retriever retrieval).
Definition of TM
Nearly all patients with an ischemic stroke in the anterior circulation had a thrombus movement or dislocation prior to its being "stuck" in the MCA (originating from either an internal carotid artery plaque or an atrial thrombus). However, the term "thrombus migration" in this case refers to a totally distinct pathophysiological process because either it describes how an atrial thrombus starts migrating into the aortic arch or it describes a process related to plaque rupture (eg, of an internal carotid artery plaque). We have defined thrombus migration as "secondly" occurring downstream migration in a vessel just as large as the thrombus diameter itself. Hence, the thrombus was stuck in the first place and started migrating again afterward.
Direct Evidence for TM
Preinterventional CT angiography (CTA) images were available in 221 cases (68.0%). A substantial difference between thrombus location on CTA images and thrombus location as revealed by first DSA runs was classified as direct evidence for TM (migration group A, see Figure 2 ).
Indirect Evidence for TM
Involvement of the MCA perforators (medial, middle, and lateral group, respectively) and the infarction of their respective supplied territory were classified as described in detail before (see Kleine et al for reliability and illustrations 11 ).
Patients with infarction of any lenticulostriate artery territory, even if CTA and DSA revealed that the occlusion spared all MCA perforator groups, were classified as indirect evidence for TM (migration group B, see Figure 3 ). Additionally, patients in whom the infarct involved more proximal parts of the lenticulostriate territory than expected from the exact thrombus location were also classified as indirect evidence for thrombus migration (eg, infarct involves all proximal territories despite the occlusion being confined to the lateral perforator group, group C, see Figure 4 ).
Time Point of Discrepant Infarction
To ensure that the discrepancies between thrombus location and infarct size were due to preinterventional infarction and did not occur periinterventionally or postinterventionally, 2 experienced senior neuroradiologists (>5 years of experience) performed in consensus a detailed image analysis for all migration group B cases using all preinterventional images available: noncontrast CT, CTA, CT perfusion, DSA. Three criteria, if available, were taken into account to ensure preinterventional infarction: (1) preinterventional demarcation of the discrepant infarct area on noncontrast CT (see Figure 5 , for example); (2) reactive hyper-or hypoperfusion as revealed on preinterventional CTP 15, 27 ; and (3) basal ganglia blush and/or early venous drainage on first DSA runs as a sign of irreversible infarction 28, 29 (see Figure 5 for Journal of the American Heart Association examples). Based on a synopsis of these observations, the reader ultimately dichotomized cases with discrepancies regarding thrombus location and infarct size as evidence for preinterventional infarction or no evidence for preinterventional infarction. To exclude relevant a priori bias of the readers (ie, knowing that all cases to be rated had thrombus migration, which may have induced false positive ratings), all cases were mixed with an equal number of cases without TM, and specificity of the ratings were evaluated accordingly.
Clinical Outcome and Classification of Hemorrhagic Transformation
Clinical outcomes were measured as NIH Stroke Scale (NIHSS) scores at the day of discharge, which were assessed by a qualified stroke neurologist. Patients who died during the acute hospital stay were assigned a score of 42. A difference between baseline NIHSS and NIHSS at discharge ≥8 or an NIHSS score at discharge ≤1 was classified as "substantial neurologic improvement," as this outcome measure has been shown to be a very sensitive parameter for stroke treatment effects. 30 
Statistical Analyses
All analyses were performed using IBM SPSS Statistics, release 23.0 (IBM, Armonk, NY). Frequency counts were compared using the Fisher exact test. Non-normally distributed data were compared using the Mann-Whitney U test, and normally distributed data sets were compared using the t test for independent samples. Logistic regression models were used to evaluate the impact of different variables on dichotomized outcome or technical success parameters. In total, 3 different logistic regression models were used (see Table S1 ): 1 technical (logistic regression model 1, LRM-1), adjusting for factors that have been associated with different physical clot properties, including patient's age and time to first DSA series, 31, 32 prior administration of IV rtPA 33 and device choice and 2 outcome models (logistic regression model 2 and 3, LRM-2 and LRM-3, respectively), which adjust for major outcome determinants in acute stroke, both including baseline NIHSS, 34 time from symptom onset to recanalization, 6 and age. 34 LRM-3 additionally corrects for successful recanalization and rates of complete (TICI-3) recanalization.
Results
Patients
A set of 325 patients was included. Mean age was 71.9AE14.4 years. Successful recanalization was achieved in 80.3% of patients (n=261). In 117 cases postinterventional DSA runs revealed complete reperfusion (TICI-3, 36.0%, n=117). Patients presented with severe neurological deficits (median baseline NIHSS 14) and improved to a median NIHSS of 7 at the day of discharge. Mean time from symptom onset to first DSA runs, precisely determinable for 305 patients, was 219.2AE77.5 minutes.
Thrombus Migration
In total, 97 (29.8%) patients with signs of TM were identified. Twenty-six showed discrepancies of thrombus location between CTA and initial DSA runs (migration group A), 29 patients had a striatocapsular infarct despite the occlusion sparing all perforators, as revealed on a synopsis of CTA and first DSA runs (migration group B). Forty-two patients had a striatocapsular territory infarction that clearly exceeded the regions that were suggested by the exact perforator group Table) . Rates of TM did not differ between patients receiving IV rtPA and those ineligible (13.5% vs 8.8%, P=0.386) also when analysis was confined to patients with sequential imaging available (n=221) and when only migration group A (n=26) is defined as TM. In this cohort the time window of TM is restricted to the interval after lysis (Table S2) . Further, in 61 cases TM occurred without any association to IV rtPA administration. Either patients were ineligible for IV rtPA (n=35) or TM occurred prior to the administration of IV rtPA (n=26; see Data S1).
Confirming the Time Point of Infarction
To clarify whether infarction of the striatocapsular region in cases where the thrombus spared all perforators occurred preinterventionally (migration group B), a blinded multimodal imaging analysis was performed. In 93.1% (27/29) of cases imaging analysis revealed clear evidence of preinterventional infarction (see Table S3 for positive criteria and ratings of controls). In contrast, only 1 of the concomitantly rated 29 (3.4%) controls was rated false positive, ie, as showing signs of preinterventional infarction despite the patient not developing infarction in the striatocapsular region. This implies that infarction of the discrepant area, which was already reperfused on first DSA runs, occurred before thrombectomy and hence cannot be explained by either infarction during the thrombectomy procedure or by secondary tissue damage due to inflammation 16, 17 or extrafocal degeneration.
18,19
Effect on Endovascular Success and Patients' Outcome
Patients with TM had lower rates of complete (TICI-3) recanalizations (20.6% vs 42.5%, P<0.001, Table) . In a multivariate logistic regression model, occurrence of TM was associated with lower rates of complete (TICI-3) recanalization (adjusted OR 0.400, 95% CI 0.226-0.707, P=0.002) after correcting for age, time to first DSA run, device choice, and administration of IV rtPA (LRM-1). There was no significant difference either regarding this effect or other baseline characteristics whether TM was based on indirect or direct evidence (Table S4) . Correspondingly, patients with TM tended to have higher NIHSS scores at discharge (median 9 vs Journal of the American Heart Association 7, P=0.069) and had lower rates of "substantial neurologic improvement" (34.4% vs 45.9%, P=0.048, see Table) . TM remains a statistically tangible factor associated with lower rates of "substantial neurologic improvement" when corrections were made for baseline parameters using the LRM-2 (adjusted OR 0.541, 95% CI 0.309-0.946, P=0.031). However, when additional corrections were made for rates of successful and complete (TICI-3) recanalization (LRM-3), TM was no longer found to be an independent factor influencing the incidence of "substantial neurologic improvement" (adjusted OR 0.697, 95% CI 0.386-1.258, P=0.231).
Discussion
This study shows 4 major findings: (1) TM should be regarded as the first and foremost reason causing discrepancies between exact occlusion site (perforator involvement) and infarct size in the striatocapsular region supplied by the MCA; (2) TM is not infrequent, occurring in at least one-third of MCA occlusions; (3) the occurrence of TM does not seem to be facilitated by the use of IV rtPA and often occurs spontaneously; (4) TM independently predicted lower rates of complete recanalization, presumably as a sign indicating increased thrombus fragility, and hence was associated with lower rates of neurologic improvement. The results were derived from a large prospective cohort of patients with a baseline (stroke severity, symptom onset to DSA, etc) and technical setting (success rates, TICI-3 rates, etc) highly comparable to those of the large randomized trials. [1] [2] [3] [4] [5] The data presented are thus representative of current standards in endovascular treatment of large vessel occlusions. Olsen et al were the first to observe discrepancies among infarct size, reactive hyperemia, and thrombus location and suggested a model of "embolic migration" in MCA occlusions. 15 Since then, further cases with clear discrepancies between infarct size and thrombus location have been reported. Saito et al observed discrepancies between thrombus location as revealed by DSA and infarct extent in the striatocapsular region. 14 They reported 5 cases in which the occlusion was confined to the distal M1 segment or M2 branches, but the infarct involved the basal ganglia. Further, in a previous large-cohort study the correlation of infarct extent and exact thrombus location within the striatocapsular region was systemically investigated. 11 Our results suggest that TM occurs frequently and causes preinterventional infarction of more proximal territories than expected by the thrombus location on preinterventional angiography imaging (CTA/DSA). The data presented also underscore that the literature on that topic may underestimate its incidence and especially its relevance for endovascular stroke therapy.
Interestingly, TM was found to occur with the same frequency in patients receiving IV rtPA as in those ineligible for IV treatment. Although TM has been reported after the use of IV rtPA, 20, 23, 25 the evidence was clearly insufficient to conclude that IV rtPA favors TM. In contrast, our data militate against those assumptions, at least in the setting of timely subsequent ET. No significant association between IV rtPA and thrombus migration could be observed in group A cases, and in 61 out of 97 cases, TM occurred without administration of IV rtPA. Hence, our data suggest that TM is a phenomenon that is not predominantly caused by medical therapy; rather, it indicates that other factors (ie, thrombus histology and vessel anatomy) may be major predisposing factors. Discrepancies between thrombus locations as revealed by CTA and subsequent DSA may also be caused by proximal thrombolysis, leaving more distal parts of the thrombus as the "newly formed" proximal end of the thrombus. However, first, this would imply that proximal thrombolysis accounts for discrepancies of roughly more than 10 to 20 mm, and second, as mentioned above, the administration of IV rtPA was not associated with the occurrence of these discrepancies. Another study has suggested that the use of IV rtPA affects thrombus stability and technical success of subsequent ET in distal MCA occlusions. 33 However, the effects on complete reperfusion of TM seem to be independent of prior use of IV rtPA, as we corrected for this potential confounding effect of IV rtPA regarding this issue in multiple logistic regression.
The poorer outcome of patients with TM was shown to be mediated mainly through lower rates of complete recanalizations (see impact of adding rates of TICI-3 recanalizations to the logistic regression model). Logically, lower rates of TICI-3 recanalizations have been associated with less favorable neurologic outcome 8, 35 ; however, its association with TM has never been studied so far. Incomplete recanalization in the setting of preinterventional TM may be caused by either preprocedural thrombus fragmentation during the course of migration or by increased rates of periprocedural thrombus fragmentation because migrated thrombi may generally be more fragile during the thrombectomy maneuver. We propose that preinterventional thrombus fragmentation might be the less prevalent event causing incomplete recanalization, as most intracranial thrombi have been shown to be unilocular. 36 However, if pretherapeutic fragmentation of a thrombus is present, it is associated with poorer treatment effects of IV rtPA and ET. 36 In contrast to the presumably low incidence of fragmented thrombi prior to endovascular treatment, periprocedural thrombus fragmentation during thrombectomy has been described as a common risk in endovascular stroke therapy. Several factors influencing its incidence have been suggested, including proximal flow modulation, 37 device characteristics, 38, 39 and thrombus architecture. 40 This study DOI: 10.1161/JAHA.116.005149
Journal of the American Heart Association also implies that if a sign of TM is observable on first DSA runs, it is desirable to pull out all the stops to reduce the-in this case a priori increased-risk of periinterventional thrombus fragmentation and adjust the technical approach and safety considerations accordingly, eg, by using aspiration techniques or additional proximal flow modulation. This study has several limitations beyond the common limitations of an observational study. The results are likely to underestimate the true incidence of TM for several reasons. First, the discrepancies observable between CTA and DSA represent a short time period, and TM may occur before (false negative direct evidence for TM). Second, TM may occur in the distal M1 segment without reliable indirect imaging signs because this occlusion pattern lacks end-artery involvement (false negative indirect evidence for TM). Third, TM may occlude perforators for such a short time that irreversible ischemia does not occur (false negative indirect evidence for TM). Fourth, in 27 patients the time interval of thrombus migration cannot be narrowed down (Data S1). Correlations in these 27 patients are thus prone to biases. If patients receive IV rtPA but thrombus migration had occurred already, these cases may suggest a false positive "pseudocorrelation" between use of IV rtPA and the occurrence of thrombus migration. However, that bias should be primarily kept in mind if any statistical association between IV rtPA and thrombus migration would have been observed. This was not the case, and, relatively speaking, it strengthens our conclusion that IV rtPA does not seem to facilitate thrombus migration. Fifth, our outcome analysis is based on discharge NIHSS scores and not on 3-month modified Rankin Scale scores, the most commonly used outcome measure in current stroke research. The NIHSS, however, is a dedicated scoring system more directly reflecting the multifaceted and complex neurologic damage caused by ischemic lesions. 30, 41 Further, short-term NIHSS scores have been shown to be a sensitive outcome measure in detecting small treatment effects 30 and are less prone to confounding effects such as age and comborbidities. 42 This particularly holds true because our institution did not apply an age limit, and thus, a considerable portion of octo-and nonagenarians were included (n=103). The mentioned reasons make this outcome measure particularly suitable for the purpose of this study, which is detecting small, TM-associated shifts in outcomes due to decreased rates of complete reperfusion. 8 Last, we have ensured preinterventional infarction only in migration group B (striatocapsular infarct despite initial DSA runs showing no perforator involvement) and not in migration group C (more proximal territory affection in the striatocapsular region than would be expected from the exact thrombus location), which theoretically, unlikely as it is, could mean that migration group C discrepancies could have occurred for other reasons. We have confined our analysis to migration group B based on observations that preinterventional infarct signs on multimodal imaging are generally subtle, and it is relatively difficult to ensure infarction of, eg, a small more proximally located territory on a native preinterventional CT or detect a blush or AV shunt affecting only the more proximal perforator group but sparing the medial ones. Of note, however, if the analysis had been redone and limited to migration group A and B cases as "confirmed" thrombus migration, the results would have remained basically the same.
Conclusion
TM occurs frequently, at least in about one-third of MCA occlusions. TM does not seem to be facilitated by the administration of IV rtPA and often occurs spontaneously. However, TM was associated with lower rates of complete reperfusion in subsequent ET, suggesting increased clot fragility. Occurrence of TM thereby has substantial impact on the outcome of endovascularly treated stroke patients. 
Sources of Funding
Disclosures
None.
SUPPLEMENTAL MATERIAL Data S1.
Information on device choice
In total 18 patients with isolated MCA occlusions were treated in the years 2007 and 2008.
Most of the patients subjected to angiography in this time period were treated either with the Phenox Clot retriever (PCR), intraarterial-thrombolysis using rtPA, the Merci-Retriever or a combination of the latter. We refer to those endovascular treatment regimens as 'older devices'. In three cases the Solitaire AB Neurovascular Remodeling Device was used in its unfolded state for thrombus retrieval, which has been reported by other groups. Our institution was one of the first using this technique which had later on led to the development of the to cases with 'up-to-date' equipment. TM was still found to be an independent risk factor for incomplete recanalizations. We thus believe that device choice did not severely bias our analysis regarding the influence of TM on recanalization success.
Data S2.
Time intervals of thrombus migration
In general, it is impossible to assess the exact time point of thrombus migration. However, time intervals can be narrowed down in the majority of cases (n=70/97).
1) In group A (n=26), the time interval is defined by the time from CTA imaging to intracranial DSA series. These patients have either received IV rtPA in a timely manner after CTA (n=19) or they were ineligible and bridging therapy was withheld (n=7). This group thus allows for conclusions regarding a potential effect of IV rtPA. However, no significant effect was observed: When analyzing all patients with available imaging (n=221) frequency of thrombus migration as revealed by direct evidence did not differ between patients receiving IV rTPA and those ineligible (13.5% vs 8.8%, p=0.386).
2) When indirect evidence suggests thrombus migration and no discrepancies between CTA and DSA series were observable, thrombus migration had to be occurred prior to any treatment. These cases of thrombus migration thus clearly occurred without any association to IV rtPA (n=44). 
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